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Abstract

Mango (Mangifera indica Linn.), a dicotyledonous fruit of the family Anacardiaceae, is the most important tropical fruit of India, grown commercially in more than 87 countries.  It is popularly known as “The King of Fruits”.  Mango currently ranks fifth in total production among major fruit crops worldwide.  The world production of mango is estimated to be 23.4 x 106 MT per anum.  India ranks first in mango production, accounting for 54.2% of the total mango produced worldwide.  In spite of being the richest source of quality mango varieties in the world, the fruit economy in India is far from satisfactory.  One of the limiting factors is the relative short ripening period and post-harvest life.  In addition, extensive textural softening during ripening leads to adverse effects upon storage.  Thus, an in-depth understanding of the biochemical and physiological events occurring during ripening is essential to identify the crucial targets contributing to textural softening.  Delaying the ripening-associated changes will lead to greater ‘commercial value addition’.
 
	Textural softening during fruit ripening is of commercial importance as it directly dictates fruit shelf life, its keeping quality and post harvest physiology, which is due to in vivo carbohydrate hydrolysis during ripening by respective carbohydrate hydrolases.  The extent of depolymerization of various carbohydrate polymers during ripening is a direct index for their contribution towards textural softening.  By implication, the corresponding hydrolases would be the targets for controlling the ripening process at textural level.  Control or modification of fruit texture, and shelf life extension with retention of desirable organoleptic attributes in a ripe fruit is the ultimate goal in modern ‘Fruit Biotechnology’.  During ripening stony hard unripe mango becomes soft spongy ripe fruit.  Ripening involves a series of biochemical processes including biosynthesis and partial or complete degradation of high molecular weight cell wall carbohydrates.   

	 Tomato is the only fruit system studied for suppressed expression of key ripening specific enzymes related to textural softening where fruit ripening was manipulated at gene level to get firmer tomatoes with extended shelf life by individually suppressing ACC synthase and EFE at ethylene level, PG and PME at cell wall level, by antisense RNA technology.  Suppression of ethylene biosynthesis resulted in overall control of the ripening process, which was triggered by exogenous ethylene-boost.  Genetic manipulation at the textural level resulted specifically in “improved texture” in the transformed tomatoes, where PG suppression yielded firmer fruits, while PME suppression resulted in fruits with higher solid content.  Pectin regulation at the cell wall level is the only aspect that is studied thoroughly in the context of textural softening during ripening so far.  But, the participation of other equally important carbohydrates and their degrading enzymes both at cellular as well as at cell wall level in fruit softening during ripening is totally un-explored.

	The earlier studies on mango fruit softening mainly focused on the post harvest physiology, especially, organic acid metabolism, fruit flavors volatiles, overall composition and gross changes in total pectin during ripening.  However, detailed studies on the quantitative and qualitative changes of cell wall polysaccharides and their in vivo hydrolysis by corresponding hydrolases in relation to textural softening have not been carried out.  

The aim of the present study was to understand the factors contributing to the textural changes in relation to carbohydrate degradation by respective hydrolases during ripening of mango and also, tissue culture and transformation studies on different genotypes of mango.  This study was undertaken to pinpoint the new enzyme targets (hitherto not known) responsible for fruit softening, which was studied at both substrate (water soluble and insoluble polysaccharides) as well as enzyme (respective hydrolases) levels.  Some new hydrolases other than PG/PME, hitherto unexplored, were observed in mango fruit, which could serve as important targets for carbohydrate dissolution in vivo.  Mango fruit, apart from being untouched for studies on textural regulation, is also a tough system for in vitro culturing and genetic transformation.  The study also involves a successful attempt towards induction of somatic embryogenesis from nucellar and cotyledonary explants of mango and expression of GUS gene in somatic embryos from different genotypes of mango via Agrobacterium tumefaciens mediated transformation.

The main objectives of the present research were as follows:
1.	To study the changes in some important biochemical components, specifically the carbohydrate degradation pattern during ripening of mango,
2.	To purify and characterize the major water soluble pectic (CWS and HWS) and alkali soluble hemicellulosic polysaccharides from unripe and ripe mango pulp,
3.	Screening for the various enzyme activities during ripening process,
4.	To look into in situ mannan hydrolysis by the related hydrolases and to purify and study the properties of -mannosidase, the most active glycosidase in mango (and banana), and
5.	To induce somatic embryo maturation from nucellar and cotyledonary explants of mango and to express GUS gene via Agrobacterium tumefaciens mediated transformation in mango somatic embryos.
This thesis entitled “Biochemical basis of textural softening in mango during ripening” is presented chapter wise as detailed below.  

Chapter I: General Introduction
This chapter provides an overview of the current knowledge on mango, with special reference to biochemical changes occurring during ripening, in vivo carbohydrate hydrolysis and the related hydrolases, various aspects of pectin regulation in fruits in the context of fruit ripening, with particular emphasis on textural softening, in vitro somatic embryogenesis and Agrobacterium tumefaciens mediated transformation studies.  A brief background on ripening associated changes and fruit cell wall is also presented.  At the end is highlighted the aims and scope of the present investigation.

Chapter II: Materials and Methods 
	This Chapter includes details about the chemicals procured, instruments used, materials obtained and various methodologies employed in the study.  Spectrophotometric determinations, fractionation procedures, chromatographic techniques, homogeneity criteria and structural studies carried out are all described with relevant literature references.  

Chapter III: Cell wall carbohydrates in ripening mango: Implications in softening
For the purpose of clarity, this chapter is subdivided into individual sections and the results are presented following a brief introduction.

Section 1: Textural softening in ripening mango: Changes in cell wall carbohydrates
Textural softening during ripening of mango resulted in the reduction of starch from 18 to 0.2%, cold water solubles from 0.76 to 0.62%, hot water solubles from 0.55 to 0.31%, pectin from 1.9 to 0.5%, hemicellulose from 0.8 to 0.2% and cellulose from 2 to 0.9%.  The content of total alcohol insoluble solids (including starch) decreased from 22 to 3%.  Physiological loss in weight (PLW) was 10% and the pH increased from 2.8 to 5.1 at ripe stage.  Concomitantly, total soluble solids (TSS, Brix) increased from 7 to 20% and total soluble sugars from 1 to 15%.  Loss of cell structure integrity, cell wall thinning, increased intercellular spaces, loosening of cells and almost total disappearance of starch and dissolution of pectin from middle lamella and primary cell wall were evidenced by microscopic studies.  Thermal characteristics and pasting properties of unripe mango starch were also studied.  Most of the gluconeogenic enzymes increased significantly during ripening exhibiting highest activity at ripe stage, except for maleic enzyme, which remained constant through out.  A significantly higher yield of carbohydrates was obtained from unripe material than from the ripe fruits.  The loss of galactose and mannose from water-soluble polysaccharides, galactose and arabinose from hemicelluloses, uronic acid and rhamnose from pectic fractions and glucose from cellulose pointed out to in vivo solubilization of the respective polymers during fruit ripening. 

Section 2: Changes in the profile of cold water soluble polysaccharides
The entire range of CWS polysaccharides of mango pulp was studied both at unripe and ripe stages.  Eight fractions were resolved upon ion exchange chromatography (IEC) with differential gradient elution.  A significant decrease in their levels from unripe to ripe stage was evident in most of the fractions except fraction I, which showed increased levels (11.3 to 25.6%) while fraction II showed only marginal increase from 86.8 to 88.4%.  There was an extensive drop in the molecular weight of all the fractions.  Sugar analysis revealed arabinose and galactose, and galacturonic acid (~20%). 

Section 3: Changes in the profile of hot water soluble polysaccharides 
The HWS polymers were resolved into 10 distinct fractions upon IEC.  Two of them were major, which got eluted out in 0.15 M (NH4)2CO3 and 0.15 M NaOH.   Considerable drop in their levels (55.6 to 28.4 and 79.2 to 14.4 mg %) and molecular weight (3548 to 125 and 1995 to 794 kDa) from unripe to ripe stage was observed.  Their sugar composition revealed arabinose and galactose.

Section 4: Changes in the profile of EDTA soluble pectic polysaccharides
Pectic polymers were resolved into neutral and two acidic fractions, the latter eluting with 0.05 and 0.10 M (NH4)2CO3.  The mg % drop in their levels was 60 to 7, 89 to 13 and 74 to 2, and molecular weight drop was 250 to 70, 1333 to 21 and 473 to 298 kDa for fractions I, II and III, from unripe to ripe stage, respectively.  The results indicated extensive depolymerization of pectic polymers in vivo.  Sugar composition by GLC analysis indicated fraction I to be arabinogalactan-type polysaccharide, while fractions II and III to be heterogalacturonans containing more than 62% galacturonic acid. 

Section 5: Changes in the profile of alkali soluble hemicellulose polysaccharides
	The alkali soluble hemicelluloses were separated into 9 peaks upon IEC.  The major fractions were found in 0.10 M NaOH eluates.  The mg % drop in their levels was 57.72 to 8.9% and 45.6 to 7.7% and the molecular weight drop was 2512 to 1000 and 2818 to 1122 kDa, for the major fractions IV and V from unripe to ripe stage, respectively.  High levels of glucose and xylose indicated xyloglucan-type of polysaccharide.   

Section 6: Structural characterization of the major cold water soluble polysaccharides
	The major CWS fractions were further purified by GPC and structural studies employing optical rotation, FTIR, permethylation followed by GC-MS and 13C-NMR were done.  Results revealed an arabinogalactan-type structure having 15 linked arabinan side chain, linked to 14 linked galactan main chain through 13 linkages. 

Section 7: Structural characterization of the major hot water soluble polysaccharides 
	The GPC purified major HWS fractions were also shown to be arabinogalactan-type polysaccharides.  FTIR spectra showed a few absorbances characteristic of pectic polysaccharides. 

Section 8: Structural characterization of the major hemicellulose polysaccharides
	The low positive specific rotation of the purified major fraction indicated the anomeric configuration of the main chain to be of -type.  Permethylation analysis revealed a xyloglucan-type molecule having 14 and 13-linked glucan main chain, which was further involved in extensive branching.  Both arabinose and xylose constitute the side chain branch off residues, with xylosyl units being involved in additional branching.

Chapter IV: Carbohydrate hydrolases in ripening mango
The results are presented in three sections.

Section 1: Enzymes involved in carbohydrate hydrolysis in vivo	This section describes the screening for the entire range of carbohydrate hydrolases (~10 glycanases and 9 glycosidases) at different stages of ripening.  Generally, the hydrolases showed increased activity during ripening, most of them showing a peak in activity around climacteric, while PME, an esterase showed a steady decrease in activity.  Among glycanases, mannanase, galactanase and arabinanase were particularly high in mango while xylanase was very low.  As for pectic enzyme, there was an inverse correlation, where the PG was highest, the PME was lowest.  Cellulase, hemicellulase and amylase showed a steady increase in activity, while laminarinase (-1,3 glucanase) exhibited a activity peak around climacteric stage.  Among glycosidases, -mannosidase activity was highest followed by  and -galactosidase, -glucosaminidase and -glucosidase activities.  In the in vitro study a slight activity was observed on the respective endogenous substrates.

Section 2: In situ mannan hydrolysis and the related hydrolases: a comparison with banana
	The endogenous mannan solubilization in mango was studied.  Drop in mannose levels from unripe to ripe stage in differentially fractionated polysaccharides of mango in comparison with that of banana was observed.  Considerable mannan hydrolysis at the ripe stage in the hemicellulose, pectic and water-soluble fractions was observed.  Both mannanase and -mannosidase, implicated in mannan solubilization, exhibited a peak in the activity around climacteric stage of ripening.  While in banana fruit, mannanase activity was very less, whereas -mannosidase was found to be the major glycosidase. 
Section 3: Purification and partial characterization of -mannosidase	
The -mannosidase of mango (and banana) was resolved into two distinct peaks (isoforms I and II) on DEAE-Sephadex as well as GPC on Sephadex G-200.  Isoform I was the major enzyme (80%) in both the fruits.  They were thermally stable and showed more acidic pH optima of 4.8 as compared to banana, 5.8.  The km for pNP -mannopyranoside was much lower for the isoform I indicating a higher substrate affinity and therefore higher specific activity.  They did not catalyze the hydrolysis of pNP--mannopyranoside.  Interestingly, -mannosidase of banana fruit acted on -D-mannan.  They were inhibited only to the extent of about 40% by Hg2+, Cu2+, Zn2+ and Mg2+ (at 1 M level).

Chapter V: Induction of somatic embryos from explants of mango and expression of -glucuronidase gene via Agrobacterium tumefaciens mediated transformation
	This chapter deals with induction of somatic embryos from different explants of mango and transformation using Agrobacterium tumefaciens.  A successful attempt on repetitive and proliferative somatic embryogenesis was achieved in different genotypes of Alphonso variety where the frequency for normal somatic embryogenesis was higher in nucellar explants than in cotyledonary explants.  Media composition for further organization of embryogenic callus to embryos, their development, maturation and germination leading to the formation of shoot/root was developed.  Each stage of embryogenic tissue, starting from proembryogenic cell masses to fully developed somatic embryo was tested for their amenability for genetic transformation, where both stage of the culture and genotype played a crucial role.  Expression of -glucuronidase (GUS) gene from immature embryos co-cultivated with A. tumefaciens was achieved and also observations were made on the susceptibility of mango seedlings to different strains of A. tumefaciens.  High frequency transformation was observed after infecting cotyledonary and nucellar explants with A.tumefaciens cultured with acetosyringone. 

Chapter VI: Summary and Conclusions
This chapter gives a concise resume of the salient research findings derived from the study.  Carbohydrate regulation at the cell wall level during fruit ripening is important in the context of fruit texture.  In mango fruit, a significant drop in molecular weight as well as abundance in all the carbohydrate fractions at the end of ripening clearly indicates controlled depolymerization in vivo.  Appearance of various cell wall-degrading enzymes seems to be important in tissue softening.  In vitro somatic embryogenesis as well as expression of GUS gene in mango gave new leads.  

Finally, the literature cited have been numbered and listed at the end of the thesis.


